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Since monoacylglycerol lipase (MAGL) has been firmly established as the predominant catabolic enzyme of the
endocannabinoid 2-arachidonoylglycerol (2-AG), a great need has emerged for the development of highly selective MAGL
inhibitors. Here, we tested the in vivo effects of one such compound, KML29 (1,1,1,3,3,3-hexafluoropropan-2-yl

4-(bis(benzo[d][1,3]dioxol-5-yl)(hydroxy)methyl)piperidine-1-carboxylate).
EXPERIMENTAL APPROACH

In the present study, we tested KML29 in murine inflammatory (i.e. carrageenan) and sciatic nerve injury pain models, as well
as the diclofenac-induced gastric haemorrhage model. KML29 was also evaluated for cannabimimetic effects, including
measurements of locomotor activity, body temperature, catalepsy, and cannabinoid interoceptive effects in the drug

discrimination paradigm.

KEY RESULTS

KML29 attenuated carrageenan-induced paw oedema and completely reversed carrageenan-induced mechanical allodynia.
These effects underwent tolerance after repeated administration of high-dose KML29, which were accompanied by
cannabinoid receptor 1 (CB,) receptor desensitization. Acute or repeated KML29 administration increased 2-AG levels and
concomitantly reduced arachidonic acid levels, but without elevating anandamide (AEA) levels in the whole brain.
Furthermore, KML29 partially reversed allodynia in the sciatic nerve injury model and completely prevented diclofenac-
induced gastric haemorrhages. CB; and CB, receptors played differential roles in these pharmacological effects of KML29. In
contrast, KML29 did not elicit cannabimimetic effects, including catalepsy, hypothermia and hypomotility. Although KML29
did not substitute for A’-tetrahydrocannabinol (THC) in C57BL/6) mice, it fully and dose-dependantly substituted for AEA in
fatty acid amide hydrolase (FAAH) (-/—) mice, consistent with previous work showing that dual FAAH and MAGL inhibition

produces THC-like subjective effects.
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CONCLUSIONS AND IMPLICATIONS

Novel monoacylglycerol lipase inhibitor: KML29

These results indicate that KML29, a highly selective MAGL inhibitor, reduces inflammatory and neuropathic nociceptive

behaviour without occurrence of cannabimimetic side effects.
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2-AG, 2-arachidonoylglycerol; AEA, anandamide; AA, arachidonic acid; CCI, chronic constriction injury; FAAH, fatty
acid amide hydrolase; MAGL, monoacylglycerol lipase; OEA, oleoylethanolamide; PEA, palmitoylethanolamide; THC,

A’-tetrahydrocannabinol

Introduction

The antinociceptive effects of Cannabis sativa have been
known for millennia (Russo, 2007; Russo etal., 2008);
however, current therapeutic use of cannabinoids remains
limited because of psychomimetic side effects that include
sensorimotor, affective and cognitive disturbances (Di Marzo,
2008). Recent research efforts have focused on development
of drugs targeting components of the endogenous cannabi-
noid system, including CB; and CB, cannabinoid receptors,
and enzymes regulating the biosynthesis and degradation of
the endogenous cannabinoids N-arachidonoylethanolamine
(anandamide; AEA) and 2-arachidonoylglycerol (2-AG; Ahn
et al., 2008; Lichtman et al., 2010; Petrosino and Di Marzo,
2010). The major respective catabolic enzymes of AEA and
2-AG, fatty acid amide hydrolase (FAAH; Cravatt et al., 1996;
2001) and monoacylglycerol lipase (MAGL; Di Marzo et al.,
1999; Goparaju et al., 1999; Blankman et al., 2007), are par-
ticularly promising targets for pharmacological modulation
of the endocannabinoid system.

Inhibitors of endocannabinoid catabolic enzymes elevate
endocannabinoid levels in the brain, allowing prolonged acti-
vation of their receptor targets. It is well established that FAAH
inhibitors produce antinociceptive effects in multiple pre-
clinical nociceptive assays, including neuropathic, (Lichtman
et al., 2004a; Chang et al., 2006; Jhaveri et al., 2006; Russo
etal., 2007; Kinsey etal., 2009; 2010; Starowicz and
Przewlocka, 2012), inflammatory (Jayamanne et al., 2006;
Ahn et al., 2009a,b; 2011; Clapper et al., 2010; Naidu et al.,
2010; Booker etal., 2012), and acute thermal nociception
(Kathuria etal., 2003; Lichtman et al.,, 2004b). Moreover,
FAAH-compromised mice show sustained antinociceptive
phenotypes, with no evidence of CB; receptor functional
tolerance (Cravatt et al., 2001; Falenski et al., 2010; Schlos-
burg etal.,, 2010; Busquets-Garcia etal., 2011), although
the antinociceptive effects of the FAAH inhibitor (3'-
(aminocarbonyl)[1, 1’-biphenyl] - 3 - yl) - cyclohexylcarbamate
(URBS97) in the rat carrageenan model were lost following
repeated administration (Okine etal., 2012). While the
impact of selective FAAH inhibition has been investigated for
approximately a decade, selective inhibitors of MAGL have
only recently been developed to examine systematically the in
vivo consequences of elevating 2-AG levels.

KML29 (1,1,1,3,3,3-hexafluoropropan-2-yl 4-(bis(benzo[d]
[1,3]dioxol-5-yl)(hydroxy)methyl)piperidine-1-carboxylate)
is one of the most selective MAGL inhibitors developed to
date and the first that increases 2-AG levels, but does not
possess cross-activity with FAAH or other serine hydrolases, as

described by Chang et al., 2012. Previous MAGL inhibitors
[e.g. [1,1-biphenyl]-3-yl-carbamic acid, cyclohexyl ester
(URB602) or N-arachidonyl maleamide| lack potency in vivo
(Hohmann et al., 2005; Guindon and Hohmann, 2009) and
show insufficient selectivity (Burston et al., 2008; Long et al.,
2009a). URB602 increases AEA levels, without altering 2-AG
levels, following local administration. However, insufficient
selectivity of this compound for MAGL over FAAH following
systemic administration limits its use (Hohmann et al., 2005,
Guindon and Hohmann, 2009). 4-nitrophenyl-4-(dibenzo[d]
[1,3]dioxol-5-yl(hydroxy)methyl)piperidine- 1 -carboxylate
(JZL184) is the first long-lasting MAGL inhibitor that was
effective in vivo (Long et al., 2009b). However, JZL184 has
cross-activity with FAAH and is considerably less potent in
inhibiting MAGL in rats than in mice and nonhuman pri-
mates (Long et al., 2009b). Although acute administration of
JZ1.184 elevates 2-AG, and is insufficient to elevate brain AEA
levels, repeated administration of JZL184 results in elevation
of both 2-AG and AEA brain levels (Schlosburg et al., 2010). In
contrast, KML29 does not show any detectable activity with
FAAH even at high doses or following repeated administra-
tion, and unlike JZL.184, KML29 does not inactivate carboxy-
lesterase enzymes in peripheral tissues (Chang et al., 2012).
Moreover, KML29 is considerably more potent than JZL184 in
inhibiting MAGL in rats (Chang et al., 2012). These attributes
make KML29 a potentially very useful tool to explore the
consequences of inhibiting MAGL in the whole animal and
in multiple species, and provides greater selectivity than
JZ1184 in inhibiting MAGL. Although a single injection of
KML29 does not elevate AEA brain levels, the consequences
of repeated administration have yet to be examined.
Systemic administration of JZL184 (Long et al., 2009a,b;
Schlosburg et al., 2010; Chang etal., 2012) elevates brain
2-AG levels, reduces nociceptive behaviour in models of neu-
ropathic (Kinsey et al., 2009; 2010), inflammatory (Ghosh
et al., 2013), cisplatin (Guindon et al., 2013), and bone cancer
(Khasabova et al., 2011) pain, as well as in tail withdrawal,
acetic acid abdominal stretching, and formalin tests in mice
(Long et al., 2009a,b; Busquets-Garcia etal., 2011). Local
intraplantar injection of JZL184 reduces nociceptive
behaviour in the formalin test (Guindon etal., 2011) and
inhibits capsaicin-evoked nocifensive behaviour and thermal
hypersensivity (Spradley et al., 2010). JZL184 also inhibits
antinociceptive processing at the spinal level in the rat
carrageenan-induced inflammatory pain model (Woodhams
etal., 2012). Consistent with the observation that JZL184 is
far less potent in inhibiting MAGL in rats than in mice (Long
etal., 2009b), no changes in spinal levels of 2-AG or
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2-oleoylglycerol hydrolysis were detected, although the CB;
receptor antagonist AM251 inhibited this effect in rats
(Woodhams et al., 2012). In addition to its antinociceptive
effects in neuropathic and inflammatory pain models and its
gastro-protective actions, JZL184 produces a subset of canna-
bimimetic side effects, including hypomotility and hyperre-
flexia (Long et al., 2009a,b).

In the present study, we investigated whether KML29
produces antinociception in well-established models of
inflammatory and neuropathic pain and in a model of non-
steroidal anti-inflammatory drug (NSAID)-induced gastropa-
thy. Additionally, we examined whether the antinociceptive
effects of KML29 undergo tolerance following repeated
administration and if functional CB; receptor tolerance
occurred, using the CP-55 940-stimulated guanosine 5-O-(3-
[*S]thio)triphosphate binding assay. Brain levels of 2-AG,
AEA, palmitoylethanolamide (PEA) and oleoylethanolamide
(OEA) were quantified following acute or repeated KML29
administration. Because MAGL participates in the formation
of arachidonic acid (AA) from 2-AG in the brain (Nomura et al.,
2011), we also quantified this lipid modulator. We also deter-
mined whether KML29 produces cannabimimetic side effects,
consisting of measurements of locomotor activity, body tem-
perature, nociceptive behaviour and catalepsy (Martin et al.,
1991). Finally, we assessed whether KML29 substitutes for
A’-tetrahydrocannabinol (THC) or AEA in mice trained in the
drug discrimination paradigm. The involvement of CB; and
CB, receptors was assessed through the use of selective recep-
tor antagonists or in CB; (-/-) and CB, (—/-) mice.

Here we report that KML29, a novel selective MAGL lipase
inhibitor, produces antinociceptive effects in models of in-
flammatory and neuropathic pain, as well as gastro-protective
actions, in the absence of cannabimimetic side effects.

Materials and methods

Animals
Male CS57BL/6] mice (Jackson Laboratory, Bar Harbor, ME,
USA) were utilized in models of inflammatory and neuro-
pathic pain as well as in the tetrad assay (i.e. consisting of
hypomotility, antinociception, catalepsy and hypothermia)
and drug discrimination paradigm. Male Institute of Cancer
Research (ICR) mice (Harlan Laboratories, Indianapolis, IN,
USA) were used in a model of NSAID-induced gastric damage.
Male FAAH (-/-) mice were used in some of the drug discrimi-
nation experiments. Male and female CB; (—/-) and CB, (-/-)
mice and their respective littermate controls [CB; (+/+) and
CB; (+/+) mice] were used in the carrageenan-induced inflam-
matory pain model. CB; (-/-) and CB, (-/-) mice were back-
crossed onto a C57BL/6] background for more than 13 and 7
generations respectively. FAAH (-/-) mice were backcrossed
onto a C57BL/6] background for at least 13 generations. All
genetically manipulated mice were obtained from the Center
Transgenic Colony at Virginia Commonwealth University.
The subjects weighed between 18 and 40 g. Four to five mice
were housed per cage in all experiments, except in the neu-
ropathic pain model and drug discrimination experiments in
which subjects were singly housed.

Animals were maintained in a 12/12 hour light/dark cycle
(0600 h on/1800 h off) in a temperature (20-22°C) and
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humidity (55 + 10%) controlled AAALAC-approved facility.
Animals had ad libitum access to water and food, with the
exception of animals used in drug discrimination experi-
ments that were food restricted to 85-90% of free feeding
body weight. In addition, mice were food deprived for 24
hours prior to induction of NSAID-induced gastric damage.
All tests were conducted during the light phase. The sample
sizes selected for each treatment group in each experiment
were based on previous studies from our laboratory.

All animal protocols were approved by the Institutional
Animal Care and Use Committee at Virginia Commonwealth
University or West Virginia University and were in accord-
ance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (National Research Council,
2011). After testing was completed, all mice were humanely
euthanized via CO, asphyxia, followed by rapid cervical dis-
location. All studies involving animals are reported in accord-
ance with the ARRIVE guidelines for reporting experiments
involving animals (Kilkenny efal.,, 2010; McGrath etal.,
2010).

Experimental procedures

Carrageenan model of inflammatory pain
Oedema was induced via intraplantar injection of 0.3% car-
rageenan (Sigma, St Louis, MO, USA) in a 20 uL volume using
a 30 G needle into the hind left paw. Paw thickness was
measured with an electronic digital micrometer (Traceable
Calipers, Friendswood, TX, USA), prior to and 5 h following
carrageenan administration, which corresponds to peak
oedema (Wise et al., 2008). Paw oedema data are expressed as
the difference in paw thickness between the 5h and pre-
injection measures. Mechanical allodynia was assessed using
von Frey filaments at the same peak time point (see the full
description in supplementary methods).

KML29 or vehicle was given 2 h before testing. In experi-
ments assessing cannabinoid receptor mechanism of action,
the CB; receptor antagonist rimonabant (1 mg-kg™") or the
CB, receptor antagonist SR144528 (3 mg-kg') was adminis-
tered 30 min prior to KML29 or vehicle (Lichtman et al.,
2004a; La Rana et al., 2006; Russo et al., 2007; Kinsey et al.,
2009; 2011; Ghosh et al., 2013). To assess further the involve-
ment of cannabinoid receptors, the anti-oedematous and
anti-allodynic effects of KML29 were evaluated in CB; (-/-)
and CB, (-/-) mice and their wild-type littermates.

In order to assess the effects of repeated treatment of
high-dose KML29 on paw oedema and allodynia, mice were
divided into the following three experimental groups (i)
Vehicle Control (six days of vehicle treatment); (ii) Acute
KML29 (five days of vehicle treatment and injected with
40 mg-kg' KML29 on day 6); and (iii) Repeated KML29 (six
days of injections of 40 mg-kg' KML29). On day 6, 3 h after
injection of carrageenan, all groups received their respective
treatments. Oedema and mechanical allodynia were then
assessed 2 h later (i.e. 5 h after carrageenan).

Neuropathic pain model — chronic
constriction nerve injury (CCI)

CCI was induced according to surgical procedures des-
cribed previously (Kinsey et al., 2009), as detailed in the



supplementary methods. Mice were randomly assigned to a
drug treatment and tested in a counterbalanced Latin square
within subject design with at least 5 day wash out period.
Mechanical and cold allodynia were assessed as described
previously (Kinsey et al., 2009, Ghosh et al., 2013). See Sup-
porting Information Methods for details.

Model of NSAID-induced gastric lesions

Gastric haemorrhages were induced as described by Kinsey
et al. (2011). Male ICR mice were weighed, then placed on a
wire mesh barrier (Thoren Caging Systems, Inc, Hazleton, PN,
USA) to prevent coprophagia, and food deprived for 24 h,
with ad libitum access to water. To induce the gastric haem-
orrhages, the mice were weighed, then administered the
NSAID, diclofenac sodium (100 mg-kg™, p.o.) or vehicle, and
returned to their home cage. Mice were pretreated 2.5 h prior
to haemorrhage induction with the CB, antagonist rimona-
bant (3 mg-kg', i.p.) or vehicle, then administered KML29
(40 mg-kg™") 2 h prior to haemorrhage induction. A second
group of animals received diclofenac sodium (100 mg-kg™,
p-o0.) or vehicle following pretreatment with KML29 at 1, 5 or
20 mg-kg'. The mice were humanely euthanized via CO,
asphyxiation 6 h after administration of diclofenac, and their
stomachs were harvested and photographed. The procedure
of harvesting stomachs and gastric haemorrhage scoring was
performed as described previously (Liu et al., 1998; Kinsey
et al., 2011) and detailed in the supplementary methods.

Tetrad assay

Mice (counterbalanced Latin square within subject design)
were housed individually overnight. The behavioural testing
was conducted in the following order: bar test (catalepsy), tail
withdrawal test, rectal temperature and locomotor activity.
Testing was performed according to previously described pro-
cedures (Long etal., 2009c; Schlosburg etal., 2010), as
detailed in supplementary methods.

Drug discrimination

Male FAAH (-/-) and C57BL/6] mice (20-25 g) were tested
according to procedures described previously (Long et al.,
2009¢; Walentiny et al., 2013) with minor modifications. See
supplementary methods for details.

Extraction and quantification of
endocannabinoids by liquid
chromatography-tandem mass spectrometry
2-AG, AEA, PEA, OEA and AA levels were quantified in the
whole brain of C57BL/6] mice after acute or repeated treat-
ment with KML29 or the vehicle. Animals were Killed 2, 4 or
24 h following KML29 treatment or 2h following acute
administration of vehicle and in experiments examining
effects of repeated KML29 treatment. Immediately after indi-
vidual mice were euthanized via rapid decapitation (at 1100-
1300 h), their brains were harvested, snap-frozen in dry ice,
and stored at —80°C until the time of processing. Tissues were
further processed according to methods described previously
(Ramesh et al., 2011). See supplementary methods for details.

[**S]GTPyS binding assay
CP-55 940-stimulated [**S]GTPyS binding was performed in
brains of mice subjected to repeated KML29 (40 mg-kg™') or

Novel monoacylglycerol lipase inhibitor: KML29

vehicle administration and tested in the carrageenan assay, as
described previously (Schlosburg et al., 2010). See supplemen-
tary methods for details. Percent stimulation = [(agonist-
stimulated — basal)/basal x 100%]. Curves were fit using
nonlinear regression in GraphPad Prism version 5.00 for
Windows (GraphPad Software, San Diego, CA, USA).

Drugs

KML29 was synthesized at the Scripps Research Institute
(Chang et al., 2012) and JZL184 was synthesized by Organix
Inc. (Woburn, MA, USA), as described previously (Long
et al., 2009a). The CB, receptor antagonist rimonabant [N-
(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-
4-methyl-1H-pyrazole-3-carboxamide-HCI] (SR141716A), the
CB, antagonist SR144528 [5-(4-chloro-3-methylphenyl)-1-
[ (4-methylphenyl)methyl]-N-[(1S,2S,4R)-1,3,3- rimethylbi-
cyclo [2.2.1] hept-2-yl]-1H-pyrazole-3- carboxamide] and
THC were obtained from the National Institute on Drug
Abuse (Bethesda, MD, USA). AEA was provided by Organix
Inc. The NSAID diclofenac sodium was purchased from
Sigma-Aldrich. Drugs were dissolved in a vehicle consisting of
a mixture of ethanol, alkamuls-620 (Sanofi-Aventis, Bridge-
water, NJ, USA), and saline (0.9% NaCl) in a ratio of 1:1:18.
Each drug was given via the intraperitoneal (i.p.) route of
administration, with two exceptions. In the drug discrimina-
tion studies, injections were given via subcutaneous (s.c.)
route of administration, and diclofenac was administered
orally (p.o.). THC, AEA, rimonabant, SR144528 and
diclofenac were administered in a volume of 10 uL-g™ body
mass; JZL184 and KML29, in a volume of 20 uL-g' body mass.
The doses of KML29 selected were based on results reported
by Chang et al. (2012) indicating that acute administration
of 20 mg-kg™ of KML29 produces maximal inhibition of
MAGL lipase in the mouse brain. Nomenclature used
throughout the paper conforms to BJP’s Concise Guide to
PHARMACOLOGY (Alexander et al., 2013).

Data analysis

All data are presented as mean + SEM. Data were analysed
using t-tests, one-way or two-way ANOVA. Dunnett’s test was
used for post hoc analysis in the dose-response experiments
and Tukey’s test was used for post hoc analyses comparing
different treatment groups. Multiple comparisons following
two-way ANOovA were conducted with Bonferroni post hoc com-
parison. Differences were considered significant at the level of
P < 0.0S. Statistical analysis was performed with IBM Statisti-
cal Package for the Social Sciences (SPSS) Statistics, version
20.0 (IBM Corp., Armonk, NY, USA).

Results

Evaluation of brain endocannabinoid levels
following KML29 treatment

Acute administration of KML29 (40 mg-kg™) significantly
elevated 2-AG brain levels at 2 and 4 h post administration,
but by 24 h, 2-AG brain levels were similar to those from
vehicle-treated mice [F(3,12) = 22.2, P < 0.001, Figure 1A].
KML29 significantly reduced free AA brain levels at 2, 4 and
24 h after treatment [F(3,12) = 38.6, P < 0.001; Figure 1B]. In
contrast, KML29 did not elicit any significant changes in
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Time course of 2-AG and other lipid signaling molecules following KML29 (40 mg-kg™). (A) 2-AG brain levels were significantly increased at 2 and
4 h following drug administration. (B) Brain AA concentrations were reduced throughout the entire 24 h time course. According to post hoc
analyses, no significant changes were found in brain levels of (C) AEA, (D) PEA, or (E) OEA. Data presented as mean + SEM, n =4 mice per group;

**P < 0.01, ***P < 0.001 vs. vehicle-treated control group.

brain levels of AEA [P = 0.34; Figure 1C] or OEA [P = 0.94;
Figure 1E] across the 24 h time course. A small, but statisti-
cally significant increase of PEA [P = 0.01; Figure 1D], was
observed, but none of the time points differed from the
vehicle-treated control group.

KML29 reduces carrageenan-induced paw
oedema and allodynia

Administration of KML29 significantly prevented the occur-
rence of carrageenan-induced paw oedema [Figure 24; F(3,22)
=53.4, P < 0.0001] and mechanical allodynia [F(3,22) = 5.15,
P < 0.01; Figure 2B]. For each dependent variable, 20 and
40 mg-kg ' KML29 significantly differed from the vehicle con-
dition. Use of pharmacological and genetic approaches
revealed differential involvement of CB; and CB, receptors
underlying these two effects. As shown in Figure 3, the CB,
receptor antagonist, SR144528, completely blocked the anti-
oedematous effects of KML29 [F(1,18) = 28.2, P < 0.0001;
Figure 3A]. However, the CB; receptor antagonist, rimona-
bant had no effect on oedema (P = 0.66). Similarly, the anti-
oedematous effects of KML29 were retained in CB; (—/-) mice
(Figure 3B), but were absent in CB, (-/-) mice [interaction
between genotype and drug: F(1,20) = 20.1, P < 0.001;
Figure 3C]. These results indicate that the anti-oedematous
effects of KML29 require CB, receptors, while CB, receptors
are expendable. The data depicted in Figure 4A show that the
anti-allodynic effects of KML29 were completely blocked by
pretreatment with either rimonabant [interaction: F(1,18) =
6.91, P < 0.05] or SR144528 [interaction F(1,18) = 4.9, P <
0.05]. Similarly, CB; (-/-) mice [interaction: F(1,22) = 10.4,
P < 0.01] and CB; (-/-) mice [interaction: F(1,20) = 7.1, P <
0.05] were completely resistant to the anti-allodynic effects of

1396 British Journal of Pharmacology (2014) 171 1392-1407

KML29 (Figure 4B and 4C). Carrageenan induced a similar
magnitude of paw oedema and allodynia in C57BL/6] mice
treated with rimonabant or SR144528 and in CB; (-/-) and
CB; (-/-) mice as compared with the appropriate littermate
controls.

In the next experiment, mice were treated repeatedly with
vehicle or high-dose KML29 (40 mg-kg™') and on the test day
were injected with the appropriate treatments 3 h after car-
rageenan (i.e. 2 h before assessing allodynia and paw thick-
ness). The anti-oedematous effects of KML29 were attenuated
in mice subjected to repeated KML29 administration, suggest-
ing partial tolerance [F(2,15) = 15.0, P < 0.001; Figure 5A]. As
shown in Figure 5B, carrageenan-induced mechanical allo-
dynia was significantly reversed following acute administra-
tion of KML29, but this effect was absent in mice subjected to
repeated treatment with KML29 [F(2,15) = 6.71, P < 0.01].

Immediately after assessing allodynia and paw thickness
(approximately 2 h after injection) brains were harvested for
determination of brain levels of endocannabinoids and other
lipids, as well as assessment of CB, receptor function utilizing
CP-55 940-stimulated [**S]GTPyS binding assay. As depicted
in Figure 6, repeated KML29 treatment significantly reduced
CP-55 940-stimulated [**S]GTPyS binding [KML29 main
effect: F(1,60) = 159, P < 0.001; KML29 by CP-55 940 interac-
tion: F(5,60) = 2.65, P < 0.05]. The E,.y, as calculated based on
nonlinear regression best-fit values of specific binding was
77.3% of vehicle-treated control levels, indicating that pro-
longed MAGL inhibition reduces CB, receptor function.

Repeated KML29 (40 mg-kg™) treatment significantly
increased 2-AG brain levels approximately threefold, as com-
pared with mice treated acutely with KML29 [F(2,17) = 241.3,
P <0.001 Figure 7A], which was accompanied by significantly
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The selective MAGL inhibitor KML29 significantly reduces paw
oedema (A) and mechanical allodynia (B) induced by intraplantar
injection of carrageenan. Mice received i.p. injection of vehicle,
KML29 or JZL184 (40 mg-kg™) 2 h before testing. Data presented as
mean * SEM, n = 6-8 mice per group; *P < 0.05, **P < 0.01, ***P <
0.001 vs. vehicle; ##P < 0.001 vs. control paw.

reduced levels of free AA [F(2,17) = 40.53, P < 0.001;
Figure 7B]. Unexpectedly, a small, but significant reduction
of AEA levels was detected [F(2,17) = 16.29, P < 0.001;
Figure 7C]. No significant changes in levels of PEA (P = 0.66)
or OEA (P = 0.39) were found following repeated or single
treatment with KML29 (Figure 7 D and E).

KML29 partially reverses mechanical and
cold allodynia in the CCI model

As shown in Figure 8A, KML29 (40 mg-kg™) significantly
reversed allodynic response to cold stimulation [F(2,198) =
6.15, P < 0.01], with the most pronounced effects observed
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The anti-oedematous effects of KML29 (40 mg-kg™) in carrageenan-
induced model of inflammatory pain require CB,, but not CB,
receptors. (A) The anti-oedematous effects of KML29 were not
abated in wild-type mice treated with the CB, receptor antagonist,
rimonabant (SR1, 3 mg-kg™'), but were completely blocked by the
CB, receptor antagonist SR144528 (SR2, 1 mg-kg™). Similarly, the
anti-oedematous effects of KML29 were present in CB; (—/-) mice
(B), but were absent in CB, (—/—) mice (C). Data presented as mean
+ SEM, n = 5-8 mice per group; ***P < 0.001 vs. vehicle; **#P < 0.001
compared with other KML29-treated groups; ***P < 0.001 compared
with vehicle-treated CB (—/-) mice.
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The anti-allodynic effects of KML29 (40 mg-kg™) in carrageenan-
induced model of inflammatory pain require both CB; and CB,
receptors. (A) The anti-allodynic effects of KML29 were completely
blocked in wild-type mice treated with either CB; antagonist,
rimonabant (SR1, 1 mg-kg™) or CB, receptor antagonist SR144528
(SR2, 3 mg-kg™). Similarly, anti-allodynic effects of KML29 were
absent in both CB; (/=) mice (B) and in CB, (—/-) mice (C). Data
presented as mean + SEM, n = 5-8 mice per group; *P < 0.05 vs.
vehicle; ##P < 0.001 compared with KML29-treated mice pretreated
with vehicle; *P < 0.05 compared with CB; (+/+) or CB; (+/+) mice
treated with KML29.
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mice per group; **P < 0.01, ***P < 0.001 vs. vehicle; *P < 0.05 vs.
acute KML29.

from 3 to 6 hour following treatment (Figure 8A). KML29 also
significantly decreased mechanical allodynia [F(2,198) = 7.31,
P < 0.001] that achieved peak effects 3 h following treatment
(Figure 8B). In both nociceptive assays, the anti-allodynic
effects were of a similar magnitude to those produced by
JZ1.184 (40 mg-kg ™). No changes in latency to respond to cold
simulation (P = 0.12) or paw withdrawal threshold (P = 0.47)
were observed in animals treated with vehicle.



The anti-allodynic effects of KML29 (40 mg-kg') in
response to cold stimulation were blocked by rimonabant
[Figure 9A; KML29 main effect: F(1,44) = 20.9, P < 0.001;
rimonabant main effect: F(1,44) = 10.3, P < 0.05; KML29 by
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Figure 6

Repeated KML29 (40 mg-kg™) treatment reduced activity of CB,
receptor as indicated by a significant decrease in CP-55 940-stimu-
lated [**S]GTPYS binding in the whole brain. Data presented as mean
+ SEM, n = 6 mice per group (each sample in triplicate).
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rimonabant interaction: P = 0.06]. In contrast, SR144528 did
not prevent the decrease in time of response to cold stimu-
lation produced by KML29 (main effect of SR144528: P =
0.76; KML29 by SR144528 interaction: P = 0.39). Rimonabant
also blocked the anti-allodynic effects of KML29 in response
to mechanical stimulation [Figure 9B; interaction F(1,44) =
10.4, P < 0.05], but they were unaffected by SR144528 (main
effect of SR144528: P = 0.34; interaction: P = 0.82). None of
the treatments affected responses to acetone (P = 0.8) or von
Frey (P = 0.35) in the control paw. Neither rimonabant nor
SR144528, in the absence of KML29, significantly affected
responses in von Frey or acetone responses in either CCI or
control paws.

KLM?29 blocked NSAID-induced

gastric damage

Mice were fasted for 24 h and then the NSAID diclofenac was
administered to induce gastric haemorrhages. Administra-
tion of KML29 dose-dependently blocked the development
of gastric haemorrhages [F(4,34) = 11.5, P < 0.0001;
Figure 10A]. Pretreatment with rimonabant (3 mg-kg™') pre-
vented the gastroprotective effects of KML29 [40 mg-kg™;
F(2,21) = 18.9, P < 0.0001; Figure 10B, left panel], while the
CB, receptor antagonist SR144528 was without -effect
(Figure 10B, right panel).
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Repeated administration with KML29 (40 mg-kg™") induced significant increases in brain 2-AG concentration (A) compared with vehicle as well
as acute KML29 treatment. Increase in 2-AG levels was accompanied by decreases in AA concentration (B). Acute and repeated administration of
KML29 reduced brain level of AEA (C), but did not produce any changes in levels of PEA (D) or OEA (E). Data presented as mean + SEM, n =4
mice per group; **P < 0.01, ***P < 0.001 vs. vehicle-treated control group *P < 0.05; **P < 0.01 vs. acute KML29.
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KML29 (40 mg kg™) reduced cold (A) and mechanical allodynia (B)
in the CCl model of neuropathic pain, with a similar magnitude of
effects and time courses as JZL184 (40 mg kg™). Data presented as
mean = SEM, n =12 mice per group. Significant difference (P < 0.05)
as compared with baseline measurements indicated as filled symbols.

KML29 does not elicit cannabimimetic
side effects

KML29 (40 mg-kg™") produced significant antinociception in
the tail withdrawal test [F(1,70) = 13.2, P < 0.001], which was
most pronounced 2 and 4 h following KML29 administration
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The anti-allodynic effects of KML29 (40 mg kg™) in the CCl model
of neuropathic pain are mediated by CB,, but not CB, receptors.
The CB; receptor antagonist rimonabant (SR1, 3 mg-kg™, 10 min
pretreatment) prevented the anti-allodynic effects of KML29
(40 mg-kg™', pretreatment time 2h) in tests of cold (A) and
mechanical allodynia (B), while the CB, receptor antagonist
SR144528 (SR2, 3 mg-kg™', 10 min pretreatment) did not affect the
anti-allodynic properties of KML29 in either assay (A, B). Data pre-
sented as mean + SEM, n = 12 mice per group; **P < 0.01; ***P <
0.001 vs. vehicle-treated controls; *P < 0.05 vs. KML29 treated group
pretreated with vehicle.

(Figure 11A). However, KML29 did not elicit catalepsy
(Figure 11B), hypothermia (Figure 11C) or decreases in loco-
motor activity (Figure 11D).

Evaluation of KML29 in the drug
discrimination paradigm

KML29 (40 mg-kg™) failed to substitute for THC (Figure 12A)
in C57BL/6] mice trained to discriminate THC (5.6 mg-kg™)
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Protective effects of KML29 in the NSAID-induced gastric haemor-
rhage model, (A) KML29 dose-dependently prevented the develop-
ment of gastric haemorrhages induced by oral administration of
diclofenac (DIC, 100 mg-kg™). (B) The gastroprotective effects of
KML29 (40 mg-kg™") were blocked by CB; antagonist rimonabant
(SR1, 3 mg-kg™, 30 min pretreatment, left side of the panel), but not
CB, antagonist SR144528 (SR2, 3 mg-kg™', 30 min pretreatment,
right side of the panel). Data presented as mean £ SEM, n = 8-10
mice per group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle + DIC;
##p < 0.001 vs. KML29 + DIC; *P < 0.05, **P < 0.01; **%P < 0.001 vs.
vehicle alone.

from vehicle and did not affect response rates at doses
assessed (Figure 12B). These findings suggest that selective
blockade of MAGL does not produce THC-like discrimina-
tive stimulus effects. However, KML29 fully and dose-
dependently substituted for AEA in FAAH (-/-) mice [F(3,20)
= 20.25, P < 0.001; Figure 13A]. KML29 produced full
substitution at 40 mg-kg'and partial AEA substitution at

Novel monoacylglycerol lipase inhibitor: KML29

20 mg-kg', but 5 mg-kg! failed to elicit any substitution for
AEA. KML29 (40 mg-kg')-induced substitution for AEA was
fully blocked by rimonabant [1 mg-kg™'; interaction F(1,20) =
66.83, P < 0.001; Figure 13C]. Rate of responding was not
affected by KML29 administration in FAAH (-/-) mice
(Figure 13B and D).

Discussion

Here, we report the results of an extensive evaluation of the
selective MAGL inhibitor, KML29, in mice. Acute or repeated
administration of KML29 significantly increased brain levels
of 2-AG, but did not elevate brain AEA levels. This compound
also produced significant anti-allodynic and anti-oedematous
effects in the carrageenan model of inflammatory pain and
partially reversed mechanical and cold allodynia in the CCI
model of neuropathic pain. Moreover, KML29 protected
against gastric damage induced by the NSAID diclofenac.
Importantly, KML29 did not elicit THC-like discriminative
stimulus effects in the drug discrimination paradigm and did
not produce cannabimimetic effects in a battery of tests sen-
sitive to the pharmacological actions of THC and other direct-
acting CB, receptor agonists.

Significant antinociceptive effects of KML29 in the tail
withdrawal test were observed 2 and 4 h following KML29
administration, during which time levels of 2-AG in the brain
significantly increased. The most pronounced anti-allodynic
effects of KML29 occurred in the CCI model 3-6 h following
KML29 treatment. It is important to note that peak 2-AG
levels occurred at 4 h following acute drug administration. By
24 h after KML29 administration, no antinociceptive effects
were observed in the tail withdrawal test or in the CCI model
and 2-AG levels in the brain returned to baseline levels. No
increases in whole brain levels of AEA or another FAAH sub-
strate, OEA were observed at any time point following KML29
administration. A small increase in PEA levels was found;
however, this finding was not replicated in the second experi-
ment. KML29 significantly decreased whole brain levels of AA
at 2, 4 and 24 h, which is consistent with the finding that
MAGL represents a major biosynthetic enzyme of this eicosa-
noid in the brain (Nomura et al., 2011).

Using complementary pharmacological and genetic
approaches, we found that the antinociceptive effects of
KML29 were mediated through distinct cannabinoid receptor
mechanisms of action. Its anti-oedematous actions in the
carrageenan model did not occur in CB, (-/-) mice or wild-
type mice treated with SR144528. However, both CB, and CB,
receptors were required for the anti-allodynic effects of
KML29 in this assay. This differential involvement of can-
nabinoid receptor subtypes is in agreement with the effects of
JZ1184 in the carrageenan assay (Ghosh et al., 2013). In the
CCI model of neuropathic pain, KML29 partially reversed
mechanical allodynia and strongly reversed cold allodynia
through a CB, receptor mechanism, while CB, receptors were
expendable. These anti-allodynic effects were similar in mag-
nitude as those produced by JZL184. Moreover, the present
results replicate a previous report in which CB, receptors, not
CB; receptors, mediated the antinociceptive properties of
JZ1.184 in the CCI assay (Kinsey et al., 2009). It is noteworthy
that both JZL184, which also inhibits FAAH, and KML29 yield
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a similar pattern of effects in the carrageenan and CCI
models. Thus, both CB; and CB, receptors play necessary
roles in the anti-allodynic effects of MAGL inhibitors in the
carrageenan model of inflammatory pain, but only CB; recep-
tors are required for the anti-allodynic effects in the CCI
neuropathic pain model.

Similarly, a differential involvement of cannabinoid
receptor subtypes has also been observed in other models
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of nociception. In particular, both CB; and CB, receptors
mediate the antinociceptive effects of JZL184 in formalin or
capsaicin-induced thermal hyperalgesia (Spradley et al., 2010;
Guindon etal., 2011), whereas only CB; was found to
mediate the antinociceptive effects in warm water tail with-
drawal or acetic acid stretching tests (Long et al., 2009a; b;
Busquets-Garcia et al., 2011). Although differences observed
in the various pain models could be related to the different
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end points being measured, this is not the case for the carra-
geenan and CCI models, as both employed von Frey fila-
ments to assess tactile allodynia (Kinsey et al., 2009; Ghosh
et al., 2013). Alternatively, this differential involvement of
cannabinoid receptor subtypes in various models of pain
could be due to multiple nociceptive mechanisms and differ-
ent proportions of neural and inflammatory components of
each nociceptive response. Accordingly, it is plausible that
the CB, receptor component in the anti-allodynic effects of
MAGTL inhibition in the various inflammatory pain models is
associated with infiltration of immune cells that are known to
have high CB, expression (Galiegue et al., 1995). Likewise,
activation of CB, receptors associated with infiltration of
immune cells during ongoing inflammatory process in the
swollen paw likely mediated the anti-oedematous effects
of MAGL inhibition. Conversely, the CB; receptor compo-
nent may be mediated by activation of these receptors
located supraspinally, spinally or in peripheral nociceptors
(Herkenham et al., 1991; Guindon and Hohmann, 2009;
Starowicz and Przewlocka, 2012). The precise mechanism of
involvement of cannabinoid receptor subtypes and their
site of action in these nociceptive models remain to be
determined.

Cannabinoid-induced antinociception involves supraspi-
nal structures (e.g. periaqueductal gray, thalamus, rostral ven-

tromedial medulla and amygdala), as well as the dorsal horn
of the spinal cord (Guindon and Hohmann, 2009). In the
CNS, MAGL is localized mainly presynaptically and is also
expressed in microglia. Endocannabinoids are produced in
dorsal root ganglion cells, a primary afferent input to spinal
cord. However, anatomical localization of MAGL in the
periphery is not known. Thus, the antinociceptive effects of
MAGTL inhibitors in pain models involving a strong inflam-
matory component, may involve both neuronal and non-
neuronal sites of action, within the CNS and periphery.
There also appears to be differential involvement of the
CB, receptor in the CCI mouse model between FAAH and
MAGL inhibitors (Kinsey efal., 2010). Whereas the anti-
allodynic effects of FAAH inhibitors require both CB; and CB,
receptors (Russo et al., 2007; Kinsey et al., 2009), the anti-
allodynic effects of MAGL inhibitors require only CB; recep-
tors (Kinsey et al., 2009; 2010). As both AEA and 2-AG bind
both cannabinoid receptors, a plausible explanation for the
disparate involvement of CB, receptors between the anti-
allodynic effects of FAAH and MAGL inhibitors in the CCI
mouse model may be related to differential production and
release of these endogenous cannabinoids at key CB, recep-
tors. On the other hand, the antinociceptive effects of both
FAAH and MAGL inhibitors in models of inflammatory pain
require both CB; and CB, cannabinoid receptors (Guindon
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and Hohmann, 2009; Ghosh et al., 2013). To date, few studies
have investigated the anatomical sites of action mediating
the antinociceptive effects of MAGL and FAAH inhibitors
(Jhaveri et al., 2006; Woodhams et al., 2012) Thus, further
research in this area may reveal the mechanisms underlying
differences between FAAH and MAGL inhibitors in various
pain models.

Hydrolysis of 2-AG by MAGL represents an important
pathway of AA formation in the brain (Nomura etal.,
2011). Accordingly, the decreased pool of AA decreases brain
levels of prostaglandins and pro-inflammatory cytokines fol-
lowing inflammatory insults (Nomura et al., 2011). Therefore,
we cannot exclude the possibility that decreased prostaglan-
din synthesis, as a consequence of decreased availability of
substrate for their production (i.e. AA), may at least partially
contribute to the antinociceptive effects of KML29.

Repeated administration of high-dose, but not low-dose,
JZ1.184 leads to functional tolerance in the carrageenan assay
(Ghosh et al., 2013). Because repeated JZL184 significantly
increased both 2-AG and AEA in the brain, it is difficult to
discern whether the tolerance was driven primarily by the
elevated levels of 2-AG or the elevated levels of AEA played a
necessary role. Therefore, we used a high dose of KML29
(40 mg-kg™") and administered daily over the course of 6 days
to produce prolonged elevations of 2-AG, but not AEA, in the
brain. Repeated KML29 administration increased 2-AG levels
and concomitantly decreased free AA levels in the brain. Both
effects were more pronounced following repeated KML29
treatment as compared with mice receiving KML29 acutely,
suggesting an accumulation of 2-AG and decreased AA over
time. Interestingly, a modest (less than 50%), but significant,
decrease in AEA was found. However, no changes in other
fatty acid amides were detected following KML29 administra-
tion. Thus, repeated administration of high-dose KML29
leads to tolerance to its anti-allodynic and anti-oedematous
effects. These effects are both associated with prolonged and
profound increased levels of 2-AG, but not AEA, in the brain.
Repeated administration of high-dose KML29 decreased
CP-55 940-stimulated [**S]GTPyS binding in the whole brain,
which is consistent with the notion that prolonged brain
2-AG elevation contributes to the loss of anti-allodynic effects
of KML29 upon repeated administration in the carrageenan
model of inflammatory pain. However, further studies are
needed to determine whether the CB; receptor down-
regulation/desensitization occurs differentially within dis-
crete regions of the brain and spinal cord. Although the
present study did not evaluate whether functional tolerance
of the CB, receptor occurs following repeated administration
of a MAGL inhibitor, no change in CB, receptor mRNA in the
spleen was observed in MAGL (-/-) mice (Chanda etal.,
2010). Accordingly, the impact of prolonged MAGL inhibi-
tion on CB, receptor expression and function in the CNS as
well as in the periphery remains to be evaluated.

It is important to note that the anti-allodynic and antioe-
dematous effects, as well as gastroprotective and anxiolytic
actions of JZL184 did not undergo tolerance and no impair-
ment in CB; receptor function was observed following repea-
ted administration of low-dose JZL184 (Sciolino et al., 2011;
Ghosh et al., 2013; Kinsey et al., 2013). These results suggest
that partial MAGL inhibition may represent a therapeutic
strategy to treat inflammatory and neuropathic pain disorders.
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KML29 also produced a dose-dependent CB; receptor
mediated gastroprotective effect in the NSAID-induced
gastric haemorrhage model. This observation is in agreement
with previous studies showing that MAGL blockade with
JZ1184 protects against gastric haemorrhages induced by
NSAIDs (Kinsey et al., 2011; 2013). Thus, MAGL inhibition
may be an effective strategy for the prevention of NSAID-
induced gastric ulcers. Although the CB, receptor is tradi-
tionally viewed as having a strong anti-inflammatory
function, the antihaemorrhagic effects of JZ1.184, as well as
the phytocannabinoid THC, are prevented by genetic dele-
tion or pharmacological antagonism of the CB; receptor
(Kinsey et al., 2011). In contrast, genetic deletion or pharma-
cological antagonism of the CB, receptor had no effect. In
addition, the FAAH inhibitor URB597 did not produce gas-
troprotective effects in CB, (—/-) mice, but remained effective
in CB; (-/-) mice (Naidu et al., 2009). Thus, CB; receptors are
required for the gastroprotective effects of endocannabinoid
catabolic enzyme inhibitors in the diclofenac-induced gastric
ulcer model.

Importantly, high-dose KML29 (40 mg-kg™) did not elicit
catalepsy, hypothermia, or hypomotility. The lack of effects
on catalepsy and hypothermia are in agreement with previ-
ous reports on actions of JZL184 (Long etal., 2009a; b),
although JZL184 has been reported to elicit hypomotility.
Similar to JZL184 (Long et al., 2009a; b; c), KML29 elicited a
small, but significant antinociceptive effect in the tail with-
drawal test. Differences in the tetrad effects between JZ1.184
and KML29 could be due to the high selectivity of KML29 for
MAGL i.e. JZL184 inhibits FAAH as well as peripheral
enzymes (Chang et al., 2012), indicating that structural dif-
ferences and slight differences in selectivity may impact the
effects of these compounds.

In the drug discrimination assay, KML29 did not substi-
tute for THC (5.6 mg-kg'), which suggests that 10-fold
increases of 2-AG in whole brain are not sufficient to produce
THC-like discriminative stimulus effects. However, it is
unclear whether the increased levels of 2-AG are signalling at
CB; receptors, which mediate the discriminative stimulus
effects of THC. 2-AG is hypothesized to act as retrograde
messengers in the brain and to be synthesized ‘on demand’
from phospholipid precursors (Di Marzo, 2009). Therefore,
blockade of its degradation may not result in sufficient levels
of 2-AG to stimulate CB; receptors in circuits mediating the
discriminative stimulus effects of THC. Whereas KML29
(40 mg-kg™) failed to substitute for THC in C57BL/6] mice, it
fully and dose-dependently substituted for AEA in FAAH (-/-)
mice. Likewise, dual blockade of MAGL and FAAH using both
pharmacological and genetic approaches produces THC-like
effects (Long et al., 2009¢). Accordingly, inhibition of a single
endocannabinoid catabolic enzyme is not sufficient to
produce THC-like cannabimimetic effects at doses that maxi-
mally inhibit MAGL. However, elevating both AEA and 2-AG
fully substitutes for exogenously administered cannabinoid
receptor agonists. AEA-like effects of KML29 in FAAH (-/-)
mice were fully blocked by rimonabant, consistent with a CB;
receptor mechanism of action. KML29 did not affect rates of
responding which is consistent with its lack of effects on
spontaneous locomotor behavior, though other research has
revealed decreases in locomotor behavior produced by MAGL
inhibitor JZL184 (Long et al., 2009a,b,c).



In conclusion, the results of the present study indicate
that selective MAGL inhibition produces beneficial antinoci-
ceptive and gastroprotective effects, without unwanted can-
nabimimetic side effects similar to those produced by
Cannabis or THC. The observations that KML29 and JZL184
produce antinociceptive effects in a wide variety of animal
models of pain, suggest that inhibition of MAGL represents a
promising strategy to treat inflammatory and neuropathic
pain, with no or minimal cannabimimetic side effects. Given
its selectivity for MAGL and effectiveness in multiple species,
KML29 offers a useful tool to investigate the consequences of
blocking this enzyme in vivo.
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